The frontal cortex provides strong excitatory inputs to the subthalamic nucleus (STN), and these cortico-STN inputs play critical roles in the control of basal ganglia activity. It has been assumed from anatomical and physiological studies that STN is innervated mainly by collaterals of thick and fast conducting pyramidal tract axons originating from the frontal cortex deep layer V neurons, implying that STN directly receives efferent copies of motor commands. To more closely examine this assumption, we performed biotinylated dextran amine anterograde tracing studies in rats to examine the cortical layer of origin, the sizes of parent axons, and whether or not the cortical axons emit any other collaterals to brain areas other than STN. This study revealed that the cortico-STN projection is formed mostly by collaterals of a small fraction of small-to-medium-sized long-range corticofugal axons, which also emit collaterals that innervate multiple other brain sites including the striatum, associative thalamic nuclei, superior colliculus, zona incerta, pontine nucleus, multiple other brainstem areas, and the spinal cord. The results imply that some layer V neurons are involved in associative control of movement through multiple brain innervation sites and that the cortico-STN projection is one part of this multiple corticofugal system.
Introduction
The frontal cortex provides strong excitatory inputs to the subthalamic nucleus (STN), and these cortico-STN inputs play critical roles in the control of basal ganglia activity. Physiological, focal lesion, and deep brain stimulation (DBS) studies suggest that the cortico-STN inputs may also play critical roles in the development of abnormal activity in the basal ganglia that lead to motor and cognitive dysfunctions such as Parkinson's disease (Albin et al., 1989; DeLong, 1990; Graybiel et al., 1994; Hornykiewicz, 2006; Israel and Bergman, 2008) .
Retrograde tracing studies have suggested that the frontal cortex, including the motor and prefrontal cortices, innervate STN (Künzle, 1978; Monakow et al., 1979; Canteras et al., 1990; Orieux et al., 2002) . Electrical stimulation of the motor cortex evokes a short latency excitation in STN (Kitai and Deniau, 1981; Fujimoto and Kita, 1993; Kita, 1994; Nambu et al., 2000) . STN stimulation evoked short latency antidromic spikes in the motor cortex layer V neurons (Paz et al., 2005) . Stimulation of the cat medullary pyramid evoked a short-latency excitation in STN, which was considered to be due to antidromic activation of parent axons that emit STN collaterals (Giuffrida et al., 1985) . A Golgi study described that descending axons of various sizes in the cerebral peduncle emit collaterals innervating STN (Iwahori, 1978) . Based on these observations, we have assumed that cortico-STN innervations are formed mainly by collaterals of thick, fast-conducting pyramidal tract axons originating from the frontal cortex deep layer V neurons (Kitai and Kita, 1987; Kita, 1994) , implying that STN directly receives efferent copies of motor commands. However, the true cortical layer of origin of the axons, the size of the axons, and whether or not the axons emit collaterals to any other brain areas other than STN are as yet unknown. These questions are important not only for the understanding of the functional roles of the cortico-STN innervations in normal conditions but also for the understanding of the effects of STN-DBS in movement disorders, which most likely activates neurons and axons, including the afferent axons, at and near the stimulus site.
To investigate morphological details of cortical neurons innervating STN, we traced single axons labeled with small injections of biotinylated dextran amine (BDA) in the motor cortex of rats. This study revealed that the cortico-STN projection is formed mostly by collaterals of a small fraction of small to medium sized long-range corticofugal axons that also emit collaterals that innervate multiple other brain sites, including the striatum (Str), thalamus, lower brainstem, and spinal cord.
Materials and Methods
The experiments were performed on adult male Sprague Dawley rats (270 -320 g, Charles River Laboratories) in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and the University of Tennessee Health Science Center Guide for the Use and Care of Laboratory Animals in Research. We used the BDA (BDA-10000, Invitrogen) anterograde tracing method to label the STN innervating axons that originated from the motor cortex. Rats were anesthetized with an intraperitoneal injection of a mixture of ketamine (60 mg/kg, Pfizer) and xylazine (10 mg/kg, Agri-lab) and placed on a stereotaxic apparatus. BDA injections were targeted to the rostral portions of the lateral and medial agranular cortices (AGl and AGm, respectively), which provide dense projections to STN (Canteras et al., 1990; Degos et al., 2008) . The injection coordinates in AGl were anterior (A) ϭ 3.3-3.5 mm from the bregma and lateral (L) ϭ 2.8 -3.2 mm from the midline; in AGm, A ϭ 4.3-4.7 mm and L ϭ 1.2-1.6 mm. All injections were into the left cortex. Craniotomies over these areas were performed, and the tips of the BDAcontaining glass micropipettes (3% dissolved in saline, tip diameter of 5-10 m) were placed 1-1.2 mm below the cortical surface. BDA was injected iontophoretically by 100 ms on/off, with 100 nA positive current pulses for 10 min.
To compare the somatic locations and sizes of cortico-STN neurons to those of pyramidal tract neurons, Fluorogold (FG; Fluorochrome) was injected into the pyramidal decussation of two rats. For the FG injections, glass micropipettes (tip diameters of ϳ10 m) glued to the needle of a 10 l Hamilton microsyringe were filled with 0.1% FG in saline. The rats were anesthetized, and the cisterna magna was opened for the insertion of the pipette. FG (0.3 l) was injected slowly (0.05 l/min) by pushing the microsyringe plunger with an electric actuator.
After 14 -18 d of survival for BDA and 10 d for FG injections, the rats were deeply anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg) and were perfused through the heart with 10 -20 ml of isotonic saline followed by a fixative. The fixative was a mixture of 4% formaldehyde and 0.2% picric acid in a 0.12 M sodium phosphate buffer (200 -300 ml, pH 7.4). After perfusion, the brains were removed and postfixed overnight at 4°C, and then equilibrated in a 10% followed by a 30% sucrose phosphate buffer, pH 7.4. The brains were then cut into 40 m sections on a freezing microtome (sagittal for BDA, coronal for FG).
For the visualization of BDA, the sections were rinsed with PBS, pH 7.6, and then incubated in PBS containing 2% avidin-biotin-peroxidase complex (ABC; 1:100, Vector Laboratories) and 0.2% Triton X-100 for 12 h. After rinsing several times with PBS, the sections were incubated in PBS containing 3,3Ј-diaminobenzidine (DAB) (0.05%), NiCl (0.001%), and H 2 O 2 (0.003%). This process stained the BDA-labeled axons a dark blue color. The wet sections were examined under a microscope. We discarded sections of seven rats because the BDA injections were too faint, and we were unable to find any labeled axons in the cerebral peduncle. We accumulated 10 AGl and 10 AGm injections with successful labeling of layer V neurons with 7-21 labeled axons in the cerebral peduncle ventral to the STN. Sections containing BDA-labeled neurons at the injection sites were further processed for immunostaining for neuron-specific nuclear protein (NeuN). The NeuN monoclonal antibody (MAB377, Millipore) recognizes NeuN in most CNSs of vertebrates (information provided by Millipore). The sections were incubated overnight in PBS containing anti-NeuN (1:40,000), followed by biotinylated anti-mouse antibody (0.5 g/ml; BA-2000, Vector Laboratories) for 1.5 h and finally in ABC for 1.5 h. The peroxidase was then visualized by incubating the sections in PBS containing 3,3Ј-diaminobenzidine (0.05%) and H 2 O 2 (0.003%). The immunostaining for NeuN stained the nuclei neurons a yellow-brown color and stained the cytoplasm a light yellow color. After several rinses, immunostained sections were mounted on gelatin-coated slides, air dried, dehydrated in graded alcohols to xylene, and coverslipped. Immunohistochemistry for FG. The sections for immunohistochemistry for FG were preincubated in PBS containing 0.5% nonfat dry milk and 0.2% Triton-X for 2-3 h, and then incubated overnight in PBS containing rabbit anti-FG serum (1:15,000; a gift from Dr. H. T. Chang, Michigan State University, East Lansing, MI) (Chang et al., 1990) . The sections were rinsed four times with PBS and incubated in biotinylated antirabbit antibody (0.5 g/ml; BA-1000, Vector Laboratories) for 1.5 h. Next, the sections were rinsed four times with PBS and incubated in ABC for 1.5 h. Finally, the sections were rinsed four more times and then incubated in PBS containing DAB (0.05%), NiCl (0.001%), and H 2 O 2 (0.003%). This reaction resulted in dark blue granular reaction products in the cytoplasm of FG-labeled neurons with virtually no nonspecific background staining.
To identify cortical layers, some of the sections stained for FG were further processed for immunostaining for NeuN or type 2 vesicular glutamate transporter (VGLUT2) (1:10,000; AB2251, Millipore Bioscience Research Reagents). VGLUT2 is rich in layer I and lower layer II/III of the agranular cortex. Also, layer V can be divided into an upper VGLUT2-poor and a lower VGLUT2-rich sublayer, reflecting the differences in thalamic input density (Kubota et al., 2007) . The former is referred to as layer Va and the latter as layer Vb (Morishima et al., 2011) . The immunostaining procedures were very similar to those described for NeuN above. To estimate somatic size, some AGl and AGm neurons doubly labeled for FG and NeuN and with no obvious cuts to the somata were drawn using a 100ϫ oil-immersion objective.
Axon tracing. BDA-labeled axons and neurons were drawn using a light microscope (BX50, Olympus) with 40ϫ dry and 60ϫ waterimmersion objectives and a camera lucida. We reconstructed only the neurons innervating STN in this study. The reconstructions began with thin axons bearing spherical varicosities in STN (called boutons hereafter to distinguish these from other irregularly shaped varicosities), followed by collateral axons innervating STN (called STN collaterals hereafter), and then with the parent axons to both rostral and caudal directions. Other collateral axons that were emitted from the parent axons and innervating other brain areas were also drawn. The reconstructions of most of the collateral axons, including STN collaterals, were often incomplete because they faded out and/or were inseparable from axons belonging to other neurons. Thus, it was not possible to accurately measure the sizes of the axonal arbors and the numbers of boutons. Microscopic images were acquired by a digital camera (D70, Nikon) and processed using a Macintosh computer with Photoshop (Adobe) and Canvas (Deneva).
Results

Parent axons in the cerebral peduncle
The BDA injections were targeted to label a small number of corticofugal axons per rat. This report is based on 10 each of AGland AGm-injected rats with successful labeling of layer V cells with labeling of 7-21 axons in the cerebral peduncle ventral to the STN. Eight of the 10 AGl-injected rats yielded one to three axons per rat bearing STN collaterals, while the remaining two rats had labeled axons in the cerebral peduncle but without STN collaterals. There were a total of 168 labeled axons in the cerebral peduncle of the 10 AGl-injected rats, of which 18 (10.7%) had STN collaterals. Of the 10 AGm-injected rats, 5 rats had one or two cerebral peduncle axons each with STN collaterals, while the other 5 rats had labeled axons without STN collaterals. Of a total of 139 cerebral peduncle axons originating from AGm, 7 (5%) emitted STN collaterals. The results below are based on a total of 25, 18 AGl and 7 AGm, cortical axons with STN collaterals.
STN collaterals
The collateral axons in STN were very thin and bifurcated into long secondary or higher-order branches that took tortuous courses and bore sparse en passant boutons at various intervals. Pedunculated boutons (boutons at the tip of short stalks) were also occasionally observed on the axons ( Fig. 1 A, C, arrowheads) . AGl neurons formed terminal fields in the rostrodorsal two thirds and the mid-mediolateral two thirds of STN. The terminals formed by axons of AGm neurons were found in a slightly larger area that covered slightly more caudal and medial areas than that of the AGl terminal field. The narrow most lateral and caudomedial portions of STN were free of innervation (Figs. 2, 3 ). The AGl and AGm projection sites greatly overlapped and coincided with the motor territory of STN (Canteras et al., 1990; Kolomiets et al., 2001 ). In 16 of 25 cases, the thin branches of axons innervating STN traveled in the dorsocaudal direction to the zona incerta (ZI); some of these emitted several branches with boutons en passant in ZI, while others faded out before reaching terminal areas (Figs. 1 B, 2, 3). We found 4 -41 boutons (mean ϭ 23.2 boutons) on 1-11 bouton-bearing branches on each STN collateral of AGl neurons. We found higher numbers of 7-94 boutons (mean ϭ 49.2 boutons) on 1-13 bouton-bearing branches on STN collaterals of AGm neurons. The collaterals having only one or two branches belonged to those innervating more to ZI (Fig. 2 A) .
The collaterals innervating STN most often branched from the parent axons in the internal capsule at a level rostral to or in the cerebral peduncle immediately ventral to STN. In one neuron, a thin collateral that branched in the Str innervated STN. Figure 4 , A and B, shows photomicrographs of parent axons with and without STN collaterals, respectively. Figure  4C compares the diameters of these axons in the cerebral peduncle at the level of STN. To estimate diameters, each axon was observed using a 100ϫ oil-immersion objective and assigned to one of 0.2-mincrement categories by comparing its thin, smooth portion (between varicosities) to a calibrated scale projected through the drawing tube. Although precise diameter measurement was not possible because of the various degrees of axonal varicosity and staining intensity, it could be seen that STN collaterals arise from thin-to-medium-sized axons but not from thick axons. Table 1 summarizes the results of tracing axons of 18 AGl and 7 AGm neurons. Sixteen of the 18 AGl-STN neurons were pyramidal tract neurons, of which 8 parent axons were traced to the pyramidal decussation or to the dorsal corticospinal tract, while the other 8 axons were traced to the medullary pyramid and then faded out. The parent axons of two nonpyramidal tract neurons were traced to the superior colliculus (SC) and to the pontine nucleus (Pn). All of the AGm-STN neurons were pyramidal tract neurons, and, therefore, most of the cortico-STN neurons from the agranular cortex were assumed to be pyramidal tract neurons.
Destination of parent axons
Somatic location and size
All of the parent axons were traced back to the cortex, of which 12 of 18 axons in AGl and 5 of 7 axons in AGm, for a total of 17 axons, were traced to their originating soma. The remaining axons could not be traced back to the soma because the axons entered the BDA injection area with numerous labeled cell bodies and processes. Most of the identified somata were located in the middle to superficial part of layer V (Fig. 5 ). The somatic areas (i.e., areas within the outline of somata) of the 17 STN-projecting neurons ranged from 584 to 934 m 2 with a mean of 758 Ϯ 112 m 2 . The neurons had slender apical dendrites that were largely spine free. The parent axons of STN collaterals were never traced to neurons with spine-rich dendrites in the injection sites.
To compare the somatic locations and sizes of STN-projecting neurons to other pyramidal tract neurons, FG was injected into the pyramidal decussation (Fig. 6 A) . A large number of neurons with various diameters were labeled in AGl and AGm. The somatic areas of labeled neurons ranged from 465 to 1100 m neurons in AGl and AGm lie in layer Vb with no apparent depthdependent distribution of small and large neurons (Fig. 6 D) . These results and the somatic locations of STN-projecting neurons described above indicate that cortico-STN projections arise mainly from the superficial part of layer Vb of agranular cortices.
Other innervation sites of cortico-STN neurons
This study revealed that cortico-STN neurons emit collaterals that innervate several other brain sites, as summarized in Table 1 . The fraction of neurons emitting collaterals in each brain site showed that overall distributions of the projection sites of AGl and AGm neurons were very similar, and therefore all of the neurons were pooled for the following discussions.
Cortical collaterals
Of the 17 parent axons traced to their somata, local cortical collaterals were found on 9 axons. Some of the collaterals innervating within or near the BDA injection sites were not traceable.
Some of the collaterals traced outside of the injection area traveled caudally and slightly medially to innervate to layers I-III of agranular cortex 1-4 mm away from the dendritic domain of the parent cell, and others traveled caudolaterally to layers I-III of the granular cortex (Figs. 2, 3) . We did not find any cortical collateral in 8 of the 17 parent axons traced to their somata. There is a tendency for neurons that have cortical collaterals to also have Str collaterals (8 of 12 neurons) ( Table 1) . No other clear morphological differences were found between the neurons with and without cortical collaterals.
Striatal collaterals
Thirteen of 25 parent axons emitted one or two collaterals in Str. Some of the collaterals were traceable for only short distances, while some others were traced to a large area extending Ͼ1 mm 3 . There was a tendency for neurons that had cortical collaterals to also have Str collaterals, as described above. Also, similar to STN, we found larger terminal fields with more boutons on AGm ax- No cortical collateral was found on the neuron shown in A, though this neuron had multiple collaterals innervating to Str, thalamic, mesencephalic, pontine, and medullary nuclei. The neuron shown in B had a cortical collateral innervating Gr and collaterals innervating Str, and mesencephalic and pontine nuclei. The STN collaterals of both neurons had thin branches entering ZI. One of the cerebral peduncle collaterals of neuron A emitted ZI branch-forming boutons. GPe, Globus pallidus external segment; Gr, granular cortex; ic, internal capsule; IO, inferior olive; Gi, gigantocellular reticular nucleus; py, medullary pyramid; pyd, pyramidal decussation; Rt, reticular thalamic nucleus; VM, ventromedial thalamic nucleus; ot, optic tract; PnO, pontine reticular nucleus, oral part; cp, cerebral peduncle; lfp, longitudinal fasciculus of the pons.
ons (mean 96.8; range 25-204; n ϭ 4) than those of AGl axons (mean 39.1; range 14 -68; n ϭ 9) (Figs. 2, 3 ) (no statistical analysis was performed because of potential incomplete tracings). The areas innervated by the collaterals were located lateral or ventrolateral to the parent axon. In one neuron, a thin collateral that emerged in Str innervated Str and then descended to STN. No Str collateral was found on the remaining 12 of 25 neurons.
Thalamic and mesencephalic collaterals
The parent axons of all 25 neurons passed through the external segment of the globus pallidus without emitting collaterals and then entered the internal capsule. Nineteen of the 25 axons emitted a collateral in the internal capsule (called internal capsule collaterals hereafter). These internal capsule collaterals took two separate courses to innervate the thalamus. Thirteen of 19 collaterals traversed the reticular thalamic nucleus and the ventrolateral thalamic nucleus and formed sparse terminal fields in the posterior thalamic nuclear group (Figs. 4C, 7C) . Three of these 13 axons ran further caudally and innervated the intralaminar nuclei (Figs. 2 A, 3B ). The remaining 6 of the 19 internal capsule collaterals ran within the medial lemniscus or slightly dorsally within the ventral posteromedial thalamic nucleus, and reached and formed a terminal field in the posterior part of the posterior thalamic nucleus (Po). Two of these ran further caudally to the deep mesencephalic nuclei (DpMe) (Figs. 2 B, 3A) . None of these thalamic collaterals formed terminal fields in the reticular thalamic nucleus.
The parent axons of most of the cortico-STN neurons (23 of 25) also emitted one to four collaterals innervating the thalamus and mesencephalon at the level between the caudal part of STN and the rostral part of the substantia nigra (SN). These collaterals are referred to hereafter as the cerebral peduncle collaterals. The parent axon of a nonpyramidal tract cortico-STN neuron ran dorsally with other cerebral peduncle collaterals and innervated to the ventral part of the anterior pretectal nucleus (APT) and Figure 3 . Axons of two AGm pyramidal tract neurons that emit multiple collaterals including STN, Str, thalamic, and pontine nuclei. Both neurons shown in A and B had cortical collaterals innervating AGm, Gr, and Str. The thalamic collateral of the neuron in A traveled through the ventral part of the thalamus while that of in B traveled through the middle of the thalamus. One of the cerebral peduncle collaterals of the neuron in B traversed STN and then to ZI without forming boutons. GPe, Globus pallidus external segment; Gr, granular cortex; ic, internal capsule; IO, inferior olive; ot, optic tract; cp, cerebral peduncle; lfp, longitudinal fasciculus of the pons; py, medullary pyramid.
deep layers of SC, as described earlier. Some of the cerebral peduncle collaterals passed dorsomedially through STN and SN without forming boutons, innervated into the ZI, the caudal part of Po, the ventral part of APT, and the deep layers of SC. Other innervation sites were the DpMe and the pedunculopontine tegmentum (PPTg). Thus, all of the cortico-STN neurons innervated the thalamus and mesencephalon, most of them through both internal capsule collaterals and through more caudal cerebral peduncle collaterals (Table 1) .
Pontine nucleus collaterals
All of the 24 parent axons traveling in the longitudinal fasciculus of the pons emitted one or two collaterals in Pn, and a parent axon terminated in Pn, as described earlier. In Pn, thin collaterals bearing en passant boutons formed small but dense terminal fields that overlapped with those formed by other axon collaterals of different neurons (Fig. 7E) . Because of the dense and complicated axonal fields, only a part of the collaterals was traced.
Pontine and medullary reticular nucleus
Eleven of the 23 parent axons descending through the longitudinal fasciculus and 11 of the 14 axons descending through the pyramidal tract emitted collaterals to innervate the pontine and medullary reticular nuclei. None of the parent or collateral axons was traced to cranial motor nuclei.
Axonal morphology
The morphological features of axons at various terminal sites were similar. In general, long secondary or higher-order branches took tortuous courses and bore sparse en passant and occasional pedunculated boutons with varying intervals, 5-20 m on long axons and 2-5 m at terminal portions of axons (Figs. 1, 7) . The terminal density in STN, Str, thalamic nuclei, and SC were sparse, while layer I of the cortex and Pn contained denser axonal branches and terminals in smaller terminal fields (Fig. 7 B, E) . These morphological features are similar to previously described Str and thalamic collaterals of motor cortex layer V pyramidal tract axons (Cowan and Wilson, 1994; Deschênes et al., 1994; Parent and Parent, 2006) .
Discussion
Neuronal type
This study revealed that the powerful cortico-STN inputs described in previous studies were achieved by a small fraction of long-range corticofugal neurons that emit collaterals not only to STN but also to other brain areas. The pyramidal tract neurons in the motor cortex are heterogeneous groups of cells having different morphological and physiological properties. The somatic location and somatodendritic morphology of cortico-STN neurons resemble those of the agranular cortex layer V cells projecting to subcortical regions, including the intralaminar and posteromedial thalamic nucleus, SC, pontine nuclei, and medullary reticular formation (Tseng and Prince, 1993; Deschênes et al., 1994; Veinante and Deschênes, 2003; Morishima et al., 2011) . Paz et al. (2005) revealed that cortical neurons responding with antidromic spikes to STN stimulation had a prominent hyperpolarizing sag and rebound depolarization and generated rhythmic burst discharges synchronized with electrocorticogram spikes. These physiological properties resemble those of a subgroup of rat corticospinal neurons characterized in vitro that have larger somatic sizes and are capable of generating repetitive burst spikes (Tseng and Prince, 1993; Wang and McCormick, 1993) . These, together with the present observations, suggest that cortico-STN neurons are large pyramidal neurons with relatively spine-free dendrites that are capable of generating burst firings. However, whether the cortico-STN neurons have unique morphological and physiological features distinguishable from other subpopulations is unknown at this time.
The present BDA injection sites were in the orofacial and vibrissa motor areas, according to intracranial microstimulation studies (Hall and Lindholm, 1974; Donoghue and Wise, 1982; Brecht et al., 2004) . These areas project to both the bulbar motor nuclei and the cervical spinal cord (Donoghue et al., 1979; Nudo and Masterton, 1990; Grinevich et al., 2005) . In this study, we identified about one third of cortico-STN neurons as being corticospinal neurons, while none were identified as corticobulbar neurons. Although it is possible that some of the axons that faded out in the medullary pyramidal tract (i.e., 10 of 25 axons) projected to the bulbar motor nuclei, another possibility is that cortico-STN neurons are involved in associative sensorimotor control of other body parts but not in the direct control of orofacial muscle movement.
Subthalamic collaterals
The STN collaterals arose from thin-to-medium-sized parent axons but not from thick axons. This observation coincides with the conduction velocity of the cortico-STN axons (5 m/s) estimated from antidromic latency data (Paz et al., 2005) , which is on the slow side of the conduction velocity (5-19 m/s) of corticospinal axons in rats (Mediratta and Nicoll, 1983) . However, the latency of the cortico-STN orthodromic response is relatively short, 3-5 ms (Kitai and Deniau, 1981; Fujimoto and Kita, 1993; Degos et al., 2008) , due to the unique membrane properties of STN neurons that enable the excitatory inputs to trigger action potentials with very short delays (Farries et al., 2010) .
STN collaterals formed sparse terminal fields of various sizes in the motor territory of STN. We found that AGm axons tend to have larger terminal fields with more boutons than AGl axons. However, this may not reflect overall innervation densities because the fraction of STN-projecting neurons in AGm was lower than in AGl. Cortical axons form synapses predominantly with spins and small-diameter dendrites of STN neurons (Moriizumi et al., 1987; Bevan et al., 1995) . The size of the dendritic arbor of STN neurons also varies considerably among neurons (Yelnik and Percheron, 1979; Kita et al., 1983; Pearson et al., 1985) . Although how each cortical axon selects target neurons in STN is unknown, it is likely that each cortical neuron targets a small fraction of STN neurons and that each STN receives inputs from many cortical neurons, possibly from both AGl and AGm, based on the present single axonal morphology, the dendritic morphology, and the total number of neurons in rat STN (Oorschot, 1996) .
Other common innervation sites Cortex and striatum
The axons of pyramidal tract neurons emit cortical and Str collaterals (Donoghue and Kitai, 1981; Cowan and Wilson, 1994; Reiner et al., 2003; Veinante and Deschênes, 2003; Parent and Parent, 2006) . In this study, intracortical collaterals were found in 12 neurons. Some of the neurons had collaterals innervating to both agranular and granular cortices. The trajectory and the terminal sites of collaterals resembled those of layer V corticofugal neurons in the rat motor cortex having collaterals projecting to sensory barrel field as described by Veinante and Deschênes (2003) . We did not find any cortical collateral in 8 of the 17 axons traced to their somata. This is an intriguing observation because there have been no similar reports. We found Str collaterals in only 12 of 25 neurons, and there was a tendency for those neurons having cortical collaterals to also have Str collaterals. We think that these observations are not related to the staining intensity of individual neurons because the neurons without cortical or Str collaterals 
In the thalamus and midbrain
This study revealed that cortico-STN neurons innervate multiple sites in the thalamus and brainstem. Féger et al. (1994) also reported that a small number of cortical neurons were doubly labeled after retrograde tracer injections into STN and parafascicular nucleus. Most of cortico-STN neurons emitted collaterals innervating the thalamus at the level of the internal capsule. As described by Deschênes et al. (1994) , some of the long-range corticofugal axons emit thalamic collaterals, which do not emit branches innervating the reticular thalamic nucleus but arborize within associative and intralaminar thalamic nuclei. This study revealed that most of the cortico-STN neurons also emit cerebral peduncle collaterals that innervate ZI, posterior thalamic nuclei, SC, and/or PPTg.
Innervations from the motor cortex to these areas have been known to occur (Shammah-Lagnado et al., 1985; Tseng and Prince, 1993; Mitrofanis and Mikuletic, 1999; Veinante and Deschênes, 2003; Parent and Parent, 2006) . This study shows that most of the cortico-STN neurons emit multiple collaterals to innervate these brain areas. An unexpected innervation site in the diencephalon was ZI. Some axon collaterals innervating STN traveled further cau- Axons in B and E include those that originated from multiple neurons. Collateral axons at various terminal sites had very similar morphological features in that long secondary or higher-order branches took tortuous courses and bore sparse en passant and occasional pedunculated boutons at various intervals. The calibration in C applies to all photomontages.
dodorsally and innervated ZI. The cerebral peduncle collaterals of some cortico-STN neurons also innervated ZI, as mentioned above. The results suggest that more than half of cortico-STN neurons innervate ZI in rats. It has been reported that 6-hydroxydopamine lesion of the mesencephalic dopaminergic neurons increased neuronal activity of ZI in rats (Périer et al., 2000) . DBS of the caudal ZI is effective for the treatment of akinesia and bradykinesia in Parkinson's patients (Henderson et al., 2002; Voges et al., 2002) and intractable proximal tremor (Murata et al., 2003; Plaha et al., 2006) . These reports, together with our present observations, suggest that STN and caudal ZI receive common inputs from the motor cortex, that the caudal ZI is involved in associative motor control (Mitrofanis 2005) , and that the DBS of caudal ZI might activate neurons and axons at the stimulus site, including the cortico-STN axons and neurons postsynaptic to the axons.
In the pons
We found that all of the parent axons of cortico-STN neurons descending through the longitudinal fasciculus emitted one or two collaterals in Pn, including a parent axon that terminated in Pn. These observations suggest that the basal ganglia and the cerebellum may receive the same information from the motor cortex through Str, STN, and Pn.
Functional implication
This study revealed that the cortico-STN projection is formed by collaterals of a small subpopulation of small-to-medium-sized long-range corticofugal axons, which also emit collaterals innervating multiple other brain sites. These innervation sites have different functional modality at different levels, including the motor and sensory functions in the telencephalon; associative and sensory integration in posterior thalamic nuclei and in the mesopontine area; reticular activation systems in the lower brainstem; and probably modulation of spinal functions through slow conducting pyramidal tract axons. Having small-diameter parent axons and diverse innervation sites suggest that those cortical neurons are suitable for association or coordination of multiple brain areas for performing complex tasks but not for rapidly sending efferent copies of rapid-firing movement commands, which require large caliber axons (Perge et al., 2012) . It is also conceivable that STN itself is involved in an associative function by integrating various modes of inputs through globus pallidus external segment, intralaminar thalamic nuclei, SC, and PPTg that are required to perform complex behaviors by integrating internal and external inputs. This assumption is supported by the observation that STN is more active during complex than simple movement tasks (Lehéricy et al., 2006) . The present results also suggest that activation of cortico-STN axons during DBS of the subthalamus may activate all the brain sites that are innervated by the multiple collaterals of cortico-STN neurons and that the activation of various motor association areas may contribute to the manifestation of DBS effects.
